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1. INTRODUCTION AND GENERAL PRINCIPLES.-The pur-
poses of this paper are to explain the general principles upon
which depend the use of the audion for generating electrical
oscillations and for amplifying externally impressed oscillations
by "regenerative action," and to discuss in detail the action in
certain circuits.' It will be shown that the criterion for the
generation of an oscillation and for the measure of its intensity
is directly determinable from the constants of the circuit and
from the characteristics of the audion.

The term "audion," in accordance with common usage, is
applied to an evacuated bulb having three electrodes: a fila-
ment, maintained at incandescence by a heating current; a plate
or wing; and a grid interposed between the filament and the
plate. These three electrodes are electrically connected to an
external circuit, which includes a battery so arranged as to make
the filament a cathode (negative) and the plate an anode (posi-
tive) for a thermionic discharge thru the bulb. The grid may
be considered an auxiliary anode whose purpose is to control
the main discharge to the plate by variations in its potential
relative to the filament. The device may thus be properly
described as a thermionic relay.

The physical action in the audion is briefly as follows: The
incandescent filament gives off electrons (negatively charged
particles) at a rate depending on its temperature. If no voltage

*Paper submitted for presentation before THE INSTITUTE OF RADIO EN-
GINEERS, September 5, 1917. Received by the Editor April 15, 1917.

'The author takes this opportunity to acknowledge his great indebted-
ness to Mr. E. H. Armstrong who has done the pioneer work with the oscillat-
ing audion. The fundamental principles and various circuits in which they
are practically applied are given in Mr. Armstrong's article in the "Electrical
World" for December, 1914 (volume 64, number 24, page 1149) and in his
paper presented before THE INSTITUTE OF RADIO ENGINEERS in March,
1915 ("Proc. I. R. E.", volume 3, page 215).

2Langmuir, "Proc. I. R. E.", volume 3, page 261 (1915). This paper
goes fully into the physical action of thermionic conduction and its application.
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were present to draw away these electrons, they would be driven
back to the filament by the negative potential which they produce
in the surrounding space. However, the positive potential of
the plate will attract the electrons and cause a continuous stream
to flow fromii the filanment to the plate, constituting a "thermionic
current." Since the grid lies in the path of the elections, its
potential will have even more effect on the electron stream than
will that of the plate, a positive grid potential increasing the
plate current, a negative grid potential decreasing it. In bulbs
having a high vacuum the relation of the plate current to the
plate and grid potentials follows simple and definite laws ;2
but in ordinary bulbs, the residual gas molecules are ionized by
the impact of the electrons and have an important effect on the
current, causing a wide variation in the characteristics of bulbs
of identical form but of accidental difference in the kind and
amount of residual gas.

Independently of its use as a relay, the audion also serves
as a rectifier, which is essential to its use as a radio detector.
This rectifying property affects the oscillations only indirectly,
and will not be particularly considered here.

The relay action of the audion is illustrated by its character-
istic curve, MN, Figure 1, showing the relation between the
plate current and the potential of the grid relative to the filament.
An audion has one such characteristic curve for every combina-
tion of filament temperature and plate potential relative to the
filament. The effectiveness of the audion as a relay depends
primarily on the slope of the characteristic curve. This slope,
being the quotient of a current by a voltage associated therewith,
is of the dimensions of a conductance and may be called the
mutual conductance of the grid toward the plate. For any small
change in grid potential, the effective mutual conductance is the
slope of the tangent to the characteristic curve at the point
corresponding to the actual grid potential; while if the grid
potential is varying periodically, the effective mutual con-
ductance may be considered the slope of the secant line con-
necting the points corresponding to highest and lowest grid
potential.3 Evidently the mutual conductance has a maximum

'A more accurate expression for the effective mutual conductance in
this case may be found by assuming the variations in grid potential to be
sinusoidal and plotting the corresponding wave of plate current against time.
The quotient of the fundamental harmonic component of the plate current
by the grid potential is then the mutual conductance. This refinement
hardlv seems necessary in any practical case, especially as the "dynamic
characteristic" of the audion may differ from the "static characteristic" and
may be difficult to determine.
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at the point of inflection P, Figure 1, and in general decreases
with increasing amplitude of oscillation.

In the following discussion we will deal only with the varia-
tions in the plate current, grid potential, etc., from their mean
values during the oscillation. In other words, the pulsating
currents and voltages will each be resolved into a continuous
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part.and an alternating (or oscillating) part; and the latter will
be treated by the usual methods of the alternating-current circuit.
For simplicity, also, the typical circuit diagrams will show only
the elements essential to the oscillating current, omitting the
heating battery, plate-circuit battery, stopping condenser, tele-
phone receivers, etc. The oscillating voltage tending to send
current from the filament to the grid will, for brevity, be called
the "grid voltage"; the oscillating voltage tending to send
current from the plate to the filament will be called the "plate
voltage"; and the oscillating current from the plate will be
called the "plate current." These quantities, in their positive
senses, are represented in Figure 2, their virtual (or r. m. s.)
values being denoted by Eg, Ep and Ip respectively.

If at any instant of time the grid voltage is such as to make
the grid negative with respect to the filament, current will tend
to flow from the filament to the grid, as represented by the
dotted arrow in Figure 2. But, by virtue of the relay action,
current is caused to flow from the filament to the plate, as rep-
resented by the full arrow, and as given by the equation,

Ip Eg, (1)
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where g is the mutual conductance of the grid toward the plate.
If at the chosen instant the plate is positive with respect to the
filament, there will be an output of power from the audion,
equal to

P=Ep Ip=EpE,,g. (2)
If the audion is to act as an oscillating-current generator,

the required value of g is then given by the relation,

9= E2E' (3)
where P represents the oscillating-current power supplied by
the audion. The criterion for the generation of oscillating cur-
rents thru the relay action of the audion is thus as follows:

The audion must be so connected to the oscillating-current

FIGURE 2

circuit that the grid and the plate are of opposite polarities with
respect to the filament; and the quotient of the total oscillating-
current power by the product of the grid voltage and the plate voltage
(or, if these voltages are not in phase, the product of one by the in-
phase component of the other) must be equal to a possible vialue of
the mutual conductance of the audion. The smaller this quotient
P

E- ' the more easily will the audion oscillate, or-with a

given setting of the audion-the stronger will be the oscilla-

tionl4. If the quotient E E is greater than the value of g
9 P

obtainable from the audion, no free oscillation will occur; but
4An oscillation will be stable only if the characteristic curve is such that

a greater range in grid potential corresponds to a smaller slope of the secant
line (i. e., A'B', Figure 1, has a smaller slope than AB). Otherwise the oscil-
lation will increase until this condition obtains. This effect is analogous to
the stability or instability of a self-excited generator, which also depends on
the slope of a characteristic curve.

66



an externally impressed oscillation which causes the grid and
plate to be of opposite polarities may be greatly amplified; this
has been called by Armstrong "regenerative action."

If an externally impressed oscillation causes the grid and plate
to be of the same polarity, its energy will be absorbed by the
audion and it will be weakened or more rapidly damped out.
The audion may thus be used to prevent or diminish undesirable
oscillations.

The above discussion neglects two features which may affect
the oscillations:

First, the plate current depends somewhat on the plate
voltage as well as on the grid voltage, and so should be repre-
sented by (Ip=Egg-Epgp), instead of (1). This means that
in the denominator of (3), and all equatiorns derived therefrom,

we should strictly introduce the factor (1-iEpp); but as the

ratio "-p is small in most designs of audion5, this factor may

usually be neglected unless -P is large.
Eg

Second, there will be a current in the grid circuit, due to
electrons or positive ions reaching the grid. This current is
usually small, and may always be neglected in high-vacuum
audions when the grid is negative. In audions having consider-
able positive ionization, the grid current may assist in producing
oscillations6.

Equation (3) shows the plate potential and grid potential to
be interchangeable; so these electrodes may be interchanged in
their connection to an oscillating-current circuit. Whether con-
nections should be made so that Eg is greater than Ep or the
reverse depends on the following considerations: The value of g
for given adjustments of the audion depends on Eg, being smaller

5Langmuir, "Proc. I. R. E.", volume 3, page 279.
6This action is due to the fact that within a certain range, the grid

current decreases with increasing grid potential. The grid circuit thus has
a characteristic curve like that of the electric arc and, like the arc, mav be
used to produce oscillations. The following explanation for the decrease in
grid current with increase in grid potential (this being negative) is offered:
When the potential of the grid is started from zero and made more and more
negative, it will at first cause more positive ions to flow to it and so increase
the current; but as the flow of electrons from the filament is diminished
by the negative potential of the grid, fewer gas molecules will be ionized and
hence the number of positive ions reaching the grid will ultimately fall and
decrease the grid current.

Positive ionization may also cause an oscillation in the plate circuit,
due to alternate breakdown and recovery of the gas. This may occur in
periods of several seconds or at audio frequencies.
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for higher values of E,. Hence if the highest possible value
ef Eg is desired, for a given energy of oscillation (as in radio
receiving), Eg should be made large relative to Ep; while if the
greatest possible energy of oscillation is desired (as in radio
sending), Eg should be made small relative to Ep. A limitation
in the latter case is imposed by the effect of Ep on the plate
current, as explained above.

The derivation of the equations of oscillation in particular
cases is given in the articles immediately following. In most
radio-frequency oscillating-current circuits the resistances of the
branches are so small in comparison with the reactances that only
the latter need be considered in finding the current distribution.
For a similar reason the plate current of the audion may be
neglected in comparison with the main oscillating currents.
With these assumptions, all currents will be in phase with each
other and may be calculated as in a direct-current circuit. The
current of each branch may then be squared and multiplied by
the resistance of that branch to give the power loss; and the
total power loss may be substituted in equation (3): this is here
called the "loss method." In certain cases where the resistances
are high or the coupling between circuits very loose, or where high
accuracy is desired, both resistances and reactances must be
considered together. This is best done by the use of complex
quantities, and is here called the "complex method" (Article 4).

2. SIMPLE OSCILLATING-CURRENT CIRCUITS TREATED BY
THE Loss METHOD.-An elementary oscillating-current circuit
contains a single coil connected to a single condenser, as rep-
resented by (C, L), Figure 3a. Any accidental disturbance in
this circuit will set up a free oscillation whose angular frequency
(e) is such as to make the joint reactance zero:

(oL- 1 =0- (4)
or 12 CL. (5)

If the loss in the effective resistance r were not supplied in some
manner, this oscillation would die out according to the familiar
exponential law. However, the alternation of the current in L
induces a voltage in the grid coil by virtue of the mutual in-
ductance iM0I. This causes an alternating current in the plate
circuit which flows against the voltage induced in the plate
coil (if this is properly connected) and so supplies power to
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maintain the oscillation. This power is, of course, transferred to
the coil L by the mutual inductance Mp.

With the notation indicated in Figure 3a, the grid voltage is

E =I7 (o M0; (6)
and the plate voltage is

Ep= I(OMP. (7)

=CL

I.F
9_7CLr- Cr Cr

(d) e

L=L,+Lp#Zt1 C=i+ CC'
r=rg+rp> 9g

9 (L +MCLr+M (C.+Cp)r Q.r(C.+C,)

CL+4H,M)LL CgC

FIGURE 3

The loss in the oscillatinlg-culrrent circuit is

P r _ r

'&I-CL ~~~~CLr

L=Lq+Lp=Z I2 C (8)C

9 MgrMp (10)

In the above equations r represents the effective resistance
of the coil and condenser in series, and may be considered con-
stant only when the main loss is due to the direct-current re-
siustancenof the ead of expressing the loss in terms of a
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series resistance r, we may express it in terms of an effective
shunt conductance g', related to r by the equation,

r=q' (02L2 =gL*. (11)
C

Substituting in (10),

qLL2
mgMgp? (12)

The conductance g' may be considere(d constant when the main
loss is due to true leakage in the condenser. It will also be
constant when the main loss is due to eddy currents in the coil;
for this eddy-current loss is proportional to the square of the
frequenev (for a given working current and negligible skin
effect), and so makes r proportional to 02 and thence q' constant
in (11).

When the main loss is in a dielectric, various experiinents
have shown the power factor to be approximately constant.
The corresponding effective resistance is then

r=poL=P\!- (13)

where p is the power factor of the capacity. Substituting in (10).

p9-\l~ L *(14)

Suppose that the loss is made up of three parts, that due to
direct-current resistance, that due to eddy currents, and the loss
in the dielectric of the coil itself. The total loss may then be
expressed as

P=12r+12 L+12C pI7, (15)

where g' represents the effective conductance due to eddy cur-
rents, and where C' represents that part of the total capacity
associated with the dielectric of the coil and having the power
factor p. Substituting in (3),

_CLr+gf'L2+pC C (16)

If the frequenev is varied by changing C, this expressioin has a
miniinum value when

CLr= pC'<%c, (17)
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or, in words, when the dielectric loss is twice that due to direct-
current resistance. The author has found experimentally that
there is a particular frequency at which the oscillation of such a
coil is the strongest, verifying in a general way the above con-
clusion. Evidently the effect of eddy-current loss on the strength
of an oscillation is the same at all frequencies.

The circuit of Figure 3a may be modified in various ways,
as indicated in Figures 3b to 3f. The main oscillating-current
circuit in each case is equivalent to a single coil connected to a
single condenser; so the frequency is given by equation (5),
in which C is the joint capacity of all condensers and L the
joint self-inductance of all coils.

Figure 3b is derived from Figure 3a by combining the main
coil and the grid coil into one. The value of g is then given by
putting (M,=L) and (M,=M) in equation (10):

Cr
9= - (18)

Similar substitutions lead to the same equation for Figure 3c.
In Figure 3d the effective mutual inductance Mg between the

grid coil alone and the two coils together is (Lg+M), and similarly
for MP. Making these substitutions in (10),

CLr
9(Lg+m) (Lp+M) (9

Evidently the mutual inductance between the coils may be
omitted.

In Figure 3e or 3f the total voltage is IwL, which is divided
between the grid and plate condensers in inverse proportion to
their capacities-

Eg=I (oL P and Ep=I (oL .C (20)Cg+Cp Cg+CP
Substituting these equations with (8) and (5) in (3),

___= __r Cr (C0+Cp)2(
(w2L2 C Cp L CgCp (21)

(Cg+Cp)2

For Figure 3e, we may substitute for the joint capacity C in this

equation the value C C X giving

(Cg+Cp) r. (22)
L

In the circuits of Figures 3a to 3d, the two coils connected
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to the filament may evidently be parts of a single coil having an
intermediate tap. The oscillation will occur most easily when
this tap is such as to make Eg and Ep approximately equal.
This will not usually be the most desirable place, however, as
explained in the next to last paragraph of the preceding article.
Similar remarks apply to the connection between the condensers
in Figures 3e and 3f. These circuits may be further extended
by subdividing the coils and condensers. The essential action
will remain the same as long as the main oscillating-current circuit
is electrically equivalent to a single coil connected to a single
condenser; for any such circuit is characterized by the fact that
it permits of an oscillation at but a single frequency.

3. COUPLED CIRCUITs TREATED BY THE Loss METHOD.-
Two oscillating-current circuits (C1, L1) and (C2, L2) may be
coupled by having mutual inductance M12 between their coils,
as represented by the heavy lines in Figure 4. A free oscillation
in the combined circuit will have such a frequency that the
resultant voltage in each separate circuit is zero:

Ij (Li -UC)+I2wM12=O; (23)

and 1~~~2(oL2 - (002 +1(0 A12 =0. (24)and ( c C2)(4
Combining these equations,

(toLj- C (oL2- ((OM12)2 0; (25)

and solving for (0,
1 C1L1+C2L2 \I(CLi-C2L2) +c CM9 (26)

The two circuits are said to be "in tune with each other" when
their separate natural frequencies are equal, or when

CIL1=C2L2. (27)
For this condition of tuning, (26) becomes

12-= C1LI i VC C2 M1I2. (28)
(02

Substituting the "coefficient of coupling,"

k,2= M12, (29)

this becomes

C9=lLi (1 k12)=C2L2 (1 1 k72). (30)
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The ratio of currents is, by (23),

1oL (I12 LC - O2C,IOLi (31a)
II -(O M12 -AM12

and by (29) and (30), for the condition of tuning,

I2 T LI/kl2 =|I(31b)
I, -k12VL1L2 L2

The physical significance of the double sign (i) in the above
equations is that a coupled circuit has two natural frequencies,
and so permits of two independent oscillations. Whether both
oscillations will actually occur and, if so, their relative magnitudes
depend on the way in which oscillation is started or maintained.
The oscillation at the lower frequency has currents flowing in
such directions in the two coils as to add in their magnetic
effect, giving the equivalent of an increased self-inductance.
The oscillation at the higher frequency has currents flowing in
such directions in the two coils as to oppose in their magnetic
effect, giving the equivalent of a decreased self-inductance.
When the circuits are in tune, one natural frequency is thus
lower and the other higher than that of each separate circuit;
and the difference between the frequencies is the greater, the
closer the coupling. Equation (31b) shows that the energies

of oscillation in the two circuits are equal (LI Il2 = 1L2 I22).

If an audion is coupled to the main oscillating-current circuit,
as in Figure 4a, it will be able to maintain an oscillation if the
constants of the circuit are chosen so as to satisfy equation (3).
We will take first the general case where the grid and plate circuits
are each coupled to both oscillating-current circuits. Assuming
the circuits to be in tune, the grid and plate voltages are then
respectively, by (31b).

Eg=I1iOM12 (M2g=I1 ) (M1ig±A|2g 1) (32)

and Ep=1Iji M1,+I2 (e) 2,=I1 v (M1 ± M112p XL' (33)

The power loss in the main oscillating-current circuit is

P = J12 r, +122 r2 = Il2 (ri+r2L )* (34)
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Substituting in (3),

P ri +r2
Li

___ ~~~~~L2 (35)
E Ep V (Ml g + M2, -L (Ml p -1 M2 p L

r + r2
L1 L2 (36)

(02 X/LgLp (kig ± k2g) (kip ± k2lp)
where the k's are coefficients of coupling between the miain coils
and the audion coils, in fashion analogous to (29). By (30),

(Ciri +C2 r2) ( 1 i 112) (37)
V\Lg-Lp (k1igk2g) (k±p=kk2 p)

The equation for q when the circuits are not in tune is more
complex; it is derived in the same manner, except that equations
(31a) and (26) are used instead of (31b) and (30) respectively,
to give the ratio of currents and the frequency.

Special modifications of Figure 4a are shown in Figures 4b
to 4d, where instead of inductive coupling the audion is some-
times directly connected to the main circuit, giving the equivalent
of unit coefficient of coupling. For Figure 4b, we may put
in (37)

kiq=l, k2g=kl2, k2p=0, and Lg=Li, (38)
giving

9
Clr1+C2r2 = Clr±+C2r2. (39)

This shows (since there is no "i " sign) that the two possible
oscillations occur with equal ease, provided the circuits are in
tune as assumed above. When the circuits are not in tune,
the values of g differ for the two oscillations and only that
oscillation actually occurs which corresponds to the lower value
of g. The expression for g in this general case may be derived
in the same way as above; but it is more instructive to view the
matter physically. If the circuit (C2, L2) of Figure 4b is far out
of tune with (C1, L1) and the coupling is loose, its energy of
oscillation will be small, since this is all supplied from (C1, L1)
and not directly from the audion. The oscillation then occurs
approximately as if (C2, L2) were absent, leaving the simple
circuit of Figure 3b. This oscillation is strong, since the loss
in (C2, L2) is small. If (C2, L2) has a low natural frequency,
its current will flow as in a short-circuited coil and will oppose
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the current of (C1, L1), thus decreasing the effective self-in-
ductance and raising the frequency. On the other hand, if
(C2, L2) has a high natural frequency, its current will flow as in
(Cl, L1), thus increasing the effective self-inductance and lowering
the frequency. Hence if the natural frequency of (C2, L2) is
gradually changed from a low to a high value, the strength of the
oscillation will fall as the condition of tuning is approached,
after which it will rise again; and, at the instant of tuning, the
oscillation will suddenly change from the higher to the lower
natural frequency. In practice it is found that an oscillation
once started tends to maintain itself with unchanged frequency,
especiallv if it is strong; so the change from one natural fre-
quency to the other does not take place until after the tuniing
point has been passed. There is then a rapid increase in the
strength of the oscillation. During the transition period both
oscillations exist and produce beats. If a "stopping condenser"
is placed in series with the grid circuit and the proper adjust-
ments are made, these beats may be produced continuously if
the circuits are exactly or very nearly in tune.7

For Figure 4c, we may put in (37)

ki=1, k2g=k1p=k12, k2p=1, Lg=L1 and Lp=L2, (40)
giving

4- C, ri +C2r2 1

(1± k12)VL-L (41)
This shows that only one of the two possible oscillations can be
maintained by the audion, with a given sense of the coupling,
since the other would correspond to a negative value of g. Re-

7This continuous production of beats may be explained briefly as follows:
Suppose an audion having a stopping condenser in series with the grid is
suddenly started oscillating. The oscillations will cause the grid to build
up a negative charge, by the same principle of unilateral conductivity that
is employed in the simple audion detector. The grid will soon become so
negative that the slope of the characteristic (i. e., the value of g) will be in-
sufficient to maintain an oscillation. The energy of the oscillation, however,
prevents it from immediately ceasing; so the grid becomes even more negative
while the oscillation is dying out. When the oscillation has ceased, the
negative charge gradually leaks off the grid, until a point on the characteristic
is reached where an oscillation can again start. after which the phenomenon
is repeated. We then have an intermittent oscillation, the "group frequency"
of which depends on the intensity with which the audion tends to oscillate
and on the rate at which the negative charge can leak off the stopping con-
denser. Now if adjustments are made so that the group frequency is near the
beat frequency of the coupled circuit, it will assume that frequency and
cause continuous beats. This action has been observed at audible oscillation
frequencies by the author, as well as at radio frequencies. That the inter-
mittent oscillation and the continuous production of beats occur under similar
conditions has been observed by Armstrong ("Proc. I. R. E.," volume 3.
page 227); but he does not seem to have noted that one is essentiallv a con-
sequence of the other.
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versing the coupling changes the oscillation from one of the
natural frequencies to the other. Let us call that sense of coup-
ling "normal" which would cause the grid and plate to have
opposite potentials when current flows in one coil alone [k12
positive in (41)]. Then we may say that normal coupling gives
the stronger oscillation and the lower frequency, and as the
coupling is made closer the oscillation is strengthened and the
frequency falls. With "reversed coupling," on the other hand,
the oscillation becomes weaker and the frequency rises as the
coupling is made closer. In either case, of course, the oscillation
is weakened when the coupling is made very loose, on account
of the effects of the resistance on the current ratio (see the
following article). If the two circuits are not in tune (as as-
sumed above), the oscillation will be weaker. This is in contrast
with Figure 4b, where the weakest oscillation occurs with the
circuits in tune. The equations for this general case show, as
above, that only one oscillation can occur with a given sense of
coupling.

For Figure 4d, we may put in (37)

k1gk12, k2g= l, Lg=L2, L =Ll+L2+2 M12,
;kip= - ,iM12 and k2p=- ---'

-\VL1 (L, +L2+ 2 M12) VL2(L1+L2+2M12)
(42)

giving
Clr1+C2r2 Clr+±C2r2

-L2-M12 =F L2(Li+1 I2) (1 zt k12) (T -\/LiL2 -1,2)
(43)

This shows that to make g positive and thus have the possibility
of an oscillation, L1 must exceed L2,8, and only one oscillation can
occur with a given sense of the coupling. Unlike Figure 4c,
however, the oscillation will have the hiqher natural frequency
with normal coupling, and the lower frequency with reversed
coupling-"normnal coupling" here indicating that a current in
one coil alone would give opposite potentials to the plate and
the filament. A study of this circuit will show that the pos-
sibility of an oscillation requires the voltage across L2 to be less
than that across L1 and to subtract from it, the difference being

'Of course the same result may be attained by connecting the plate to
a coil L, coupled with L,, instead of directly to L,, and using such mutual
inductance between them that the voltage across this coil L, exceeds that
across L2.
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the plate voltage. This differential effect causes the oscillation
to occur with greater difficulty than in the preceding cases, but
tends to prevent oscillation at other frequencies, which would
not give the proper polarities to the plate and grid (see Article 5).

Instead of coupling two oscillating-current circuits thru the
mutual inductance between their coils, they may be coupled by
having capacity or self-inductance in common, as shown in
Figures 5 and 6 respectively. The equations for these cases,
as given on the figures for the condition of tuning, are derived
similarly to those of Figure 4. The general properties of these
circuits depend mainly on the mode of connecting the audion
and so are essentially the same as for the corresponding circuits
of Figure 4. There is this difference, however: with mutually
inductive coupling, the sense of the coupling can be reversed;
but not with capacity or self-inductive coupling. Thus in
Figure 5c, we have the equivalent only of normal coupling.
and consequently the lower natural frequency; while in Figure
6c, we have the equivalent only of reversed coupling, and con-
sequently the higher natural frequency. Sometimes mutual
inductive coupling can advantageously be combined with capacity
coupling: for example, where the inherent capacity C3 gives
more coupling than desired, it may be counteracted by a reversed
mutual inductance.

It may be noted that if the values of L1 and L2 are equal in
Figure 5 (or in Figure 6), the higher-frequency oscillation will
have a frequency independent of the coupling, for no current
then passes thru the coupling condenser (or coil).

In Figure 5 one of the main condensers (Cl or 02) niay be
open-circuited; and in Figure 6 one of the main coils (Li1 or L2)
may be short-circuited. The main circuits of the two figures
then become identical, except for notation, and consist of a
series group (of coil and condenser) connected to a parallel
group. With the two groups interconnected in this way, the
significance of their being "in tune" is indefinite; for the equa-
tions for (w and k on Figures 5 and 6 are not the same. I'he
coupling will be loose when the series self-inductance is high in
comparison with the shunt self-inductance; and for this condi-
tion the two sets of equations are nearly in agreement.

Capacity coupling may also be accomplished by connecting
a condenser in the place of the coil L3, Figui'e 6. This would
require a large capacitv to give loose coupling and so would be
less convenient than the arrangement of Figure 5. By analogy,
self-inductive coupling may also be accomplished by connecting
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a coil in the place of the condenser, C3, Figure 5. This would
require a high self-inductance to give loose coupling, and so
would be less convenient than the arrangement of Figure 6.
Besides, at radio frequencies, the inherent capacity of suCh a
high-inductance coil would usually be considerable.

If a high non-inductive resistance is substituted for the
coupling condenser C3 of Figure 5, or a low non-inductive re-
sistance for the couplinig coil L3 of Figure 6, we have what may
be called "resistance coupling." This gives a single frequency
of oscillation when the circuits are in tune, which is independent
of the coupling. It evidently results in greater losses and does
not seenm to have sufficient redeeming features.

4. CERTAIN CIRCUITS TREATED BY THE COMPLEX METHOD.
-For the exact determination of the conditions for oscillation
in an audion circuit, we may express the various independent
currents as complex quantities and write a number of equations
each expressing the fact that the total voltage around a closed
cycle is zero. One additlonal equation is given by (1), Article 1,
the plate current being expressed in terms of the gIid voltage,
which in turn may be expressed inl terms of the currents and the
constants of the branches connected between the grid and the
filament. These equations may be combined so as to eliminate
all currents, resulting in a single complex equation which may
be solved for (o anid g.

As a simple example, we have in Figure 3b:

I (r+j(iL+-± jw(oM=O; (44a)

and I (44b)

where the I's represent the currents in complex form. Sub-
stituting (44b) in (44a) and dividiing thru bv I, we eliminate
the currents and obtain

r+jwL+. =M0.
W(v C jw1 C ;

or 1-(o2CL+j(oCr-ij(Mg=O. (45)
Separating real and imaginary parts,

1-(0,2CL0= or -=CL; (46a)(2
and (oCjCr-j(oMg=0 or g= Cr. (46b)
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These equations are identical with those given on Figure 3h,
showing that in this case the loss method was exact.

Now going to coupled circuits, we have similarly in Figure 4b:

I, (ri±+j(Li±+ 1 +I2 j(OM12+I * j(Mi0p=O; (47a)

I2 r2+j (o)L2+. (C) +1I j(r)M12= 0; (47b)
and 1IPI C- (47c)

Coinbining,

(ri+j(wLl±+ 2- +g)Q2±j (OL2+ )-(jwOM1)2=O.

Clearing of fractions and separating real and imaginary parts,

(1- w2CCLi) (1- 0 C2L2)-(a C, ri-(Wipg) (O C2 r2
-(04ClC2M122=0; (48a)

and (1_(2 CiLl)C2r2+(1 - P C2L2) (Cirl-Migp)=O. (48b)

If MlVlg is eliminated, these equations lead to a cubic for (t2,
showing three possible oscillations, which in general occur with
unequal ease. If the circuits are tuned, however, the equations
are simplified. Putting

CIL,=C2L2 (49)
in (48b) we have either

C, rl+C,2r29 m (50)

or else 1 C LCL (51)

Substituting these values successively in (48a), we have
either (1 _,2 C2L2)2+ (2 C22r22-(4 C, C2 M122 =0; (52)
or else (02Cl +M122 ±0 ri M122 C, r1

g = -f- - -+ ~ (53)Mflpr2 Mlp L1 Mipr2 Mifp
Solving (52) for (o,

h22r -C222r2+ r22 2 + 1212.(4C2L2 2 2 -2 M102(C2254)(,2 2 2 x4_ C2L2 * C2 r2 2 1 C2

Substituting the coefficient of coupling,

ki M12 (55)
VLiL2
so



and the power factor,9

P2=r2<-j (56)
the above equations reduce to the following:

1=C2L2 (1_2 ik22 P22+ _) or C2L2; (57)

and C, ri +C2 r2 Cl r +C2 r2 (58)
and M1~~~~~~~or~~~P24 8

These equations show that when (k12 < 2p2 - P4) only one oscil-

lation is possible, since two values of (02 in (57) are then imaginary.
This oscillation has the natural frequency of the separate cir-
cuits and is the stronger the weaker the coupling. When k,2

lies between jp22 - and the verv nearly equal value P2,

three oscillations are possible; but only that at the natural
frequency of the separate circuits occurs, for this gives the
lowest value of g. On the other hand, when (kI2 > P2), this
oscillation gives the highest value of g; so either of the other
oscillations can occur, both giving the same value for g, which
is independent of the coupling. There is thus a certain critical
coupling,

k12 = p2, (59)
below which only one oscillation can occur and above which two
oscillations can occur with equal ease. The frequencies for this
critical coupling are given by

-2=C2L2 or C2L2 (1-p22.) (60)

The difference between these two frequencies, is the lowest pos-
sible beat frequency.

The conclusions of the preceding paragraph were verified
experimentally by the author two years ago, the experiments'0
being first made at audible frequencies so that the change in
frequency and the accompanying beats could be made directly
evident in a telephone receiver. Many tests at radio frequencies

9See footnote on "Notation" page.
"0These experiments were actually made with a circuit differing from

Figure 4b by having the grid and the plate interchanged. As explained pre-
viously, such interchange always leads to an exactly similar set of equations.
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have since confirmed these conclusions, the beat frequency then
being audible and showing the change from one oscillation to
another. With the values of P2 found in well designed circuits,
the minimum beat frequency in long-wave circuits is below
audibility, but in short-wave circuits will often lie within the
audible range.

The above results show that the equations derived by the
loss method, as given on Figure 4b, are not exact for this circuit,
but are approximately correct as long as the coupling is con-
siderably closer than the critical coupling.

The complex method applied similarly to the circuit of
Figure 4c gives for the condition of tuning the following exact
equations:

1O 2_ 4U2 ± 22,2=C1L1 [1 ±+ PlP2 i 12'+p1p,2 P"P2 (61)

and
g= C,ri+C2r2 122) 2_ PiP2 k2+ +P12P22. (62)
k1VLL1 -k -k12- ~ 4- 12+PiP24j 62

These equatioins show that, as long as k12 is large compared
with V/p, p2, the resistances do not appreciably affect the fre-
quency or the current ratio; so the simpler equations given on
Figure 4c apply with sufficient accuracy. When the coupling
is loosened, so that k12 is comparable with VpP P2, the oscillation
rapidly becomes weaker. With reversed coupling there is there-
fore a particular value of k12 giving the strongest oscillations, as
has been found experimentally.

5. REGENERATIVE AND ABSORBING ACTIONS.- As men-

tioned in Article 1, an audion may either be connected so as to
supply power tending to maintain an oscillation or so as to
absorb power from the oscillation. The first action is equivalent
to the insertion of a negative resistance in some part of the cir-
cuit; the second is equivalent to the insertion of a positive
resistance. The equivalent positive resistance ran added to

any branch (n) may be expressed as (- 2), where (-P) is the

power absorbed by the audion (or (+P) is the power supplied
by the audion) and In is the current of the branch. Hence by
equation (2), Article 1,

ra=--I EgEpqg (63)
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Consider the circuit of Figure 4b and suppose an oscillation
to be produced by a source in series with C2. We then have

Eg= 7C (64)
t 1l

and Ep= I, () Ml p. (65)
Substituting in (63), the equivalent resistance added in series
with L1 is

EgEp g __M1lq(66ral=- I2 - C (66)

Since this is negative (with niormal coupling) and constant for
all impressed frequencies, the audion gives constant regenerative
amplification for all oscillations impressed in series with C2.
This constitutes the one serious objection to the use of this circuit
in radio receiving, C2 being the antenna capacity, for the inter-
ference is severe, especially from strays. The tendency of this
circuit to oscillate equally well at its two natural frequencies
is evidently a special case of the constant regenerative amplifica-
tion. With reversed coupling, rai is positive and constant for
all frequencies, the audion thus opposing all oscillations.

Consider now the circuit of Figure 4c and suppose an oscilla-
tion to be produced by a source in series with C2, as above.
We then have

Eg= t;(67)(o611

Ep =I2 (L2+II (O M12; (68)

and I, ( -oLi- +I2(OM12=0. (69)
{CJ Ci

Substituting in (63), the equivalent resistance in series with L1 is

ral= EgEp 9C [ M ((oLi - )+ (0 M12] (70)

=-(02 C12 M 1- (02 CL+(o2C, L (71)

k1 C, [(02 CiLi -1+kl22j. (72)
If k12 is positive, ra, will be negative for all frequencies lower
than that given by

1 =61
2 =C Li (1-k12 738
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and will be positive for all higher frequencies; thte reverse is
true if k12 is negative. We thus have regenerative action on
one side, and absorbing action on the other side of a certain
critical frequency, according to the sense of the coupling. The
tendency of this circuit to oscillate at one of its two natural
frequencies with normal coupling and at the other natural
frequency with reversed coupling is in agreement with the above
result. This circuit may be employed in radio receiving to
reduce interference from frequencies either higher or lower than
that to which it is tuned, but not from both at the same time.

Consider finally the circuit of Figure 4d and again suppose
an oscillation to be produced by a source in series with C2. We
then have

EQ -I2 (OL2-II 31M12; (74)

E ( CI +I2 (oL2+Il (O M12; (75)
(oCi

and I (wLi- +I2(0 M12= 0. (76)

Substituting in (63), the equivalent resistance in series with L1 is

ra1=E E, g[ (Vf2 (oL,- 1) +( M12]x

[(vC2 (vM12(. (vCi )[1 (0112o(Li- + )]M1 (77)

'a'ClCl,[ (O C]M12( C1 L12](02 1-[2+ (02 C2 M1223
Lk 2C [1L(CLL-(+2clL1x

L2+MI2-w2CjLjL2+w#2CiM122] (78)

k122 C1 (i)2 CI L,
[1 +k12 2CLj(1-k22) (79)

T'his will be positive for all frequencies except those between the
followino limits:

=2=C1L1 (1-k122); (80)
(02

and 1
=
C1L1(1- k122)

(O2~~~VL (81 )

The audion thus has an absorbing effect for all frequencies outside
of this narrow range. By using a high-power bulb and making
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suitable adjustments it is possible to increase greatly the ef-
fective resistance of the circuit for all interfering frequencies
and at the same time to give regenerative action at the fre-
quency for which it is tuned.

When the audion is oscillating, or on the verge of oscillating,
we may substitute in the above equations the values of g given
on Figure 4. After reduction, we then obtain for the ratio of
the equivalent added resistance to the equivalent original re-
sistance of the whole circuit referred to the coil (1):
for Figure 4b, by (66),

rai =~*(82)
ri+C2 r2/Cl

for Figure 4c. by (72),

ral _ _ 1 [ -1+k12 (83)
7 1 +C2r2/CJ k12 [(2 Cl Li (1---i) 12]

_1(s_1)-1; (84)

and for Figure 4d, by (79),

ral 1 [ -1-k12]X
ri+C2r2/Cl k12 (O2CL, (1-k12)

[1+vL2 +k2 (1-w92CCL1 [1-k12])] (85)-\/L1_L2-L2 k12
(on2 )][+ LL 1+k12 ( '2) (6

=[1((7a _1-1l |+ L . +l(_) (86)
k12 (Cs2 J L \a/EIL2-L2 k12 (1n2

In these equations (on represents that natural frequency which
the audion tends to mnaintain; in (84) it is given by

I2 =CLl (1+kl2); (87)

and in (86) it is given by

2 =ClL1(1-k12). (88)

It will be seen that the resistance ratio reduces to (-1) at this
natural frequency in (84) and (86), and has this value at all fre-
quencies in (82). This means that the audion then adds a
negative resistance equal to the original positive resistance; so
the total effective resistance is zero, which is simply another way
of expressing the inecessary condition for a sustained oscillation.

The above three special cases of coupled circuits differ so
from one another in regard to their regenerative or absorbing
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action at various frequencies, that it seems desirable to investigate
the general circuit of Figure 4a. If the separate circuits are in
tune and an oscillation is produced by a source in (C2, L2), the
values of E., Ep, and I2/II, are given respectively by equations
(32), (33) and (31a). Substituting in (63), the equivalent re-
sistaince in series with Li is

ra EE12 M22[Mi2u Jl' (1 (o)2CliL) ]
[MI p A2p Li (1.- 1I)

= _-w2gL, X/LQLI [k10-kl (1 -92XM1 0) L

kip k2p (1-_ 1 )](89)

When the circuit is oscillating, or on the verge of oscillating, we
may substitute the value of g from (37), giving for the ratio of
the added resistance to the original resistance

rl+C,l,/(! =(12 C, Li [1 4-k121 k, o ,6)X
ri+C2 r2/C1 k1g :1= k2g

k 1-2 (2C1LI) (90)

kp=i=k2p
If this resistance ratio is plotted against (1/(o2), the resulting
curve will in general be a hyperbola having the resistance axis
as one asymptote and crossing the frequencv axis at the points,

I0 (llkl2k,g 1 Llkl2k1pY
2=CIL,1(- k and 2=CLi1(1- kIT (91)

As these expressions are significant only wlhen positive, we may
have zero, one, or two frequencies giving zero added resistance.
The three special cases treated above exemplify these three pos-
sible conditions. In each of these cases one of the natural fre-
quencies was found to be within the range of negative added
resistance, giving a possible free oscillation; but the general
case, as shown by studying (89), permits the range of negative
ral to lie between, above, or below the two natural frequencies.
This means that the audion may have regenerative action over

a range of frequency and still be unable to maintain a free
oscillation, no matter how low the resistances.

6. APPLICATION OP OSCILLATING AUDION CIRCUITS.-The
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following record of the various oscillating audion circuits
that have been developed is probably incomplete and is given
with the hope that it will be supplemented in the discussion
and that attention will be called to any inadvertent errors.

The single oscillating-current circuits of Figure 3 are mainly
einployed as a basis for the more useful coupled circuits. They
simply afford means for giving the grid and the plate opposite
polarities for any oscillation that may be produced in the main
circuit; and the choice among them is ordinarily only a matter
of convenience. When the main circuit of Figure 3b is coupled
to a local tuned circuit, the arrangements of Figure 4b, 5b or 6b
result, according to the method of coupling; but we might equally
well have used any of the other circuits of Figure 3 to couple
with the local circuit, giving the same properties that have been
described for Figuire 4b.

Figure 3b is the basis of one of Armstrong's methods" for
producing oscillations that has been widely used viz., inutually
inductive coupling between the plate circuit and a tuned grid
circuit. WThat may be called the "conjugate" of this circuit,
the grid and the plate being interchanged, Figure 3c, was devised
bv the author about two years ago and successfully used for
radio receiving. It is, however, less convenient than Figure 3b,
because, to give a high grid voltage and at the same time not
have too strong an oscillation, the capacity C must be so high
(of the order of 50 milli-microfarads) as to preclude the use of
an ordinary variable air condenser. Figure 3d, employing a
single tapped coil, is commonly known as the "Western Electric"
circuit; without the mutual inductance between the coils, it is
included among those originally given by Armstrong.'2 The
circuit of Figure 3e is used in commercial radio receivers and for
other purposes. Figure 3f might not be recognized as the basis
of Armstrong's circuit employing an audio-frequency self-in-
ductance (such as that of telephone receivers) in the lead from
the filament to the oscillating-current circuit.'3 Here C, repre-
sents the capacity (added or inherent) shunting the audio-fre-
quencyr self-inductance; and Cg represents the inherent capacity
between the grid, with the apparatus connected thereto, and the
filament, with its connected apparatus. Armstrong considers
the audio-frequency self-inductance in circuits of this form to be
essential to the action. This, however, is not the case; for

""Proc. I. R. E.", volume 3, page 219, Figure 8.
1Loc. cit., page 222, Figure 13.
"Loc. cit., Figure 12. As has been pointed out by Armstrong, this

arrangement is identical with the "ultraudion" connection of de Forest.
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experiments made by the author show that a high non-inductive
resistance will answer the same purpose, tho requiring a higher
batterv voltage to give the same direct current. The real
purpose of the high self-inductance is simply (as in many other
audion connections) to provide a path for the direct battery
current from the filament to the plate, without short-circuiting
the capacity Cp which is essential to the oscillation.

Figures 4b, 5b, and 6b give examples of a class of coupled
circuits in which one of the component circuits is not coupled,
or only slightly coupled, with the audion. Such circuits are in
general characterized by the following properties: (a) if the
coupling between the component circuits is not very loose, the
audion tends to produce oscillations equally well (or almost
equally well) at the two natural frequencies of the combination;
(b) oscillations of all frequencies impressed in the local circuit
(C2, L2) are then amplified by regenerative action, or absorbed,
according to the polarity of the connections to the audion; and
(c) with very loose coupling of the local circuit (C2, L2), the main
oscillating-current circuit (Cl, L1) oscillates readily at its own
natural frequency. The property (a) permits an audion to be
used as a generator of "beats," as has been done by Armstrong.'4
If for the local circuit (02, L2) is used an antenna and tuning coil,
this property also makes the circuit particularly applicable
for the reception of undamped waves by the "self-heterodyne"
principle: for the audion may be allowed to oscillate at one
natural frequency while the other natural frequency is brought
to coincidence with that of the signal to be received. By making
adjustments carefully, the audion may be brought to the verge
of changing from one frequency to the other, under which condi-
tion enormous amplification is possible.'5 Unfortunately, this

14Loc. cit., Figure 17 used for this purpose is identical with Figure 6b
of this paper.

15This method of signal amplification does not appear to have previously
been brought to the attention of the Institute, tho it has been described by
the author on several occasions. It should be noted that to attain the result
described, the coupling between the oscillating-current circuits must be
carefully adjusted so that the two possible free oscillations will give a beat
note of the desired pitch. For long waves, this means a coupling coefficient
between 1 and 5 per cent. Dr. Austin has used ("Proc. I. R. E.", volume 4,
page 252) a so-called "sensitizing circuit" which could operate as described
here; but he explains that its purpose is merely to weaken the oscillation
produced by the audion. His results, of comparatively slight and constant
increase in amplification, bear out his explanation for the arrangement as
he used it. Armstrong, however, in the discussion of Dr. Austin's paper
offers the explanation that the sensitizing circuit gives the combined circuit
two natural frequencies and so permits it to be exactly in tune with the incom-
ing oscillation while it is oscillating at another frequency, thus eliminating
the reactance offered to the incoming oscillation when the circuit is slightly
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condition is very critical; so a strong signal or accidental dis-
turbance may suddenly change over the frequency of oscillation
to that of the signal, which immediately disappears. More-
over, any impulse due to strays will set up simultaneous oscilla-
tions at the two natural frequencies, giving beats between them
which are audible. As the audion tends to maintain both of
these oscillations, a musical note results which may last a large
fraction of a second and sounds like the clang of a bell. With
the circuit in exact tune with the signal, this bell-like noise due
to strays has just the same pitch as the signal, which it thus
completely masks. In the presence of strays it is therefore
necessary to operate the circuit somiewhat out of tune, thus
sacrificing the particular advantage of circuits of this class.
The property (b) of these circuits (the tendency to amplify at
all frequencies) is of course a disadvantage in radio receiving, as
it reduces selectivity.

Circuits for heterodyne reception may be arranged so that
the audion tends to produce oscillations at two frequencies, one
of which oscillations does not enter the antenna circuit and so is
not set up by impulses therein. This obviates the serious objec-
tion to the circuit discussed in the preceding paragraph, while
retaining its advantages. However, better results are obtained
when one audioii is used for producing oscillations and a second
audion for amplifying the signal oscillation by regenerative
action.'6 The reason is as follows: When the audion is oscillat-
ing, the value of g (or mean slope of the characteristic curve,
Figure 1) is such as to make the total effective resistance of the
circuit equal to zero for that oscillation. When a second oscilla-
tion is superposed, the range of variation in grid voltage and plate
current will be extended over a section of the characteristic curve
the slope of which is less steep; the value of g for the second
oscillation is therefore lower, and the total effective resistance
for this oscillation will not be zero. If the original oscillation is
very weak, so that only the practically straight portion of the
characteristic curve is included, then the value of g for the
second oscillation is inearly the same as for the first, and better
amplification is obtained, as has been found in practice. Such-
a weak oscillation, however, requires very critical adjustments,
and is likely to cease suddenly. When two audions are used,
one may be on the verge of oscillating at the signal frequency,
and will then require only a weak impressed voltage in the
out of tune. Nothing, however, was said about the tendency of the auidion
to oscillate at the incoming frequencv.

16Hogan, "Proc. I. R. E.", volume 3, page 256.
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antenna to produce relatively strong oscillations, which then
give beats with the permanent oscillation of the other audion.

The circuit of Figure 4b, with its modifications, has been- used
by the author in the measurement'7 of effective resistance of coils
at various frequencies. The test coil is connected to a tuning
condenser, constituting the local circuit ((2, L2). The two
component circuits are brought into tune at the desired fre-
quency and the coupling between them is adjusted to the critical
value [Article 4, equationi (59)], as showil by the behavior of an
ammeter18 in the plate circuit when the tuning is varied. The
local circuit is then removed and a resistance is inserted in series
with L1 until the oscillation has the same strength as before.
This resistance multiplied by the ratio of self-inductances gives
the effective resistance of the local circuit [compare equations
(18) and (58)]. This method permits the measurement of the
effective resistance (as well as the capacity) of a coil at its
own natural frequency, with as niuch facility as at lower fre-
quencies.

Figures 4c, 5c, and 6c give examples of a class of coupled
circuits in which one component circuit is connected (or coupled)
to the grid of the audion and the other to the plate. Such
circuits are in general characterized by the following properties:
(a) the audion tends to produce an oscillation at only one of the
natural frequencies; (b) the audion gives regenerative action
on one side, and absorbing action on the other side, of a certain
frequency near the natural frequencies; and (c) very loose
coupling may be employed before the oscillation is greatly
weakened.

Figure 4c is the basis of a circuit devised by the author in
the fall of 1915 for receiving damped waves, C2 being the antenna
capacity.19 About the same time this circuit, with a slightly
different arrangement of the telephone receivers and battery,
was brought out by Mr. F. B. Chambers and is commonly
known as the "Chambers circuit." In using this circuit the
author has found that the capacity of the audion frequently
gives too close coupling (on the principle of Figure 5c), and this

'7Described in a paper presented before the Radio Club of America in
February, 1917, and published in "QST" for April, 1917.

'8When the coupling is closer than the critical value, the ammeter shows
a sudden drop when the oscillation changes from one of the natural frequencies
to the other. When the coupling is loosened so that this drop just ceases
to occur, the maximum ammeter reading is used as an index of the strength
of the oscillations when the circuits are in tune.

19This circuit was given in a discussion before the Radio Club of America
in June, 1916, and was published in "QST" for September, 1916.
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may to advantage be partially neutralized by reversed coupling
of the coils. The circuit of Figure 4c is not particularly suited
to sustained wave reception (altho it is sometimes so used),
because it must either be slightly out of tune'for the received
oscillation or else the received energy will tend to be absorbed
by the audion.

Figure 5c is the basis of one of Armstrong's methods of
producing oscillations-viz., the use of self-inductance in the
plate circuit.20 C3 here represents the capacity between the grid
and the plate of the audion, with their connected apparatus;
and C2 represents the inherent or added capacity in parallel
with the plate inductance. It may be noted that, if C2 is zero,
the two component circuits may still be tuned by adjusting
C3 or L2.

So far as the author is aware, the principle of Figure 4d, 5d,
and 6d is new. If C2 is made the antenna capacity of a radio
receiving set, the audion will have a strong tendency to reduce
interference, since it absorbs energy from oscillations at other
frequencies than that to which it is tuned. The general cir-
cuits of Figures 4a, 5a, and 6a can give even better results in the
reduction of interference from strays; for they can be arranged
so as to give the best regenerative action at a frequency differing
slightly from the natural frequency and can then have an absorb-
ing action for the oscillations set up by strays at the natural
frequency. Of course, the set then being slightly out of tune
with the signal, some reactance for the signal oscillation will be
introduced. The audion used in this way for combined re-
generative and absorbing action should not also be used as a
detector; for its grid is connected (or closely coupled) to the
antenna circuit (C2, L2). A second audion (or other detector)
should be connected in the usual way to the circuit (Cl, L1),
where interference is miniinized in the usual nmanner by the loose
coupling of the two tuned circuits.

The foregoing discussion makes no pretense of including all
possible or useful oscillating audion circuits, even of the simpler
sort. MViany others have been studied by the author which ex-
hibit different and interesting properties; but the limits of space
do not allow their inclusion. It is hoped, however, that the

20 "Proc. I. R. E.", voluime 3, page 220, Figure 9, and following.
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methods of treatment here described and illustrated will be of
service to those working with the oscillating audion and will lead
to the further development of that quite wonderful device.
This is the real object of the paper.

SUMMARY: A general method is presented for investigating theoretically
the conditions of oscillation in circuits supplied by an audion. This method
is based on the relay action of the audion, as represented by its characteristic
curve, and has for its fundamental idea the use of the slope of this curve as
a physical constant of the audion, called the "mutual conductance." Two
modes of applying this method are given: the simple, but approximate,
"loss method" and the exact "complex method." Various particular circuits
are discussed and formulas given for the natural frequency and the required
value of mutual conductance to maintain an oscillation. These circuits
include the elements of all the common oscillating audion circuits depending
on the relay action; so it is seen that the actions in these various circuits are
not distinct and independent, but are here brought under a single set of
physical ideas.

The circuits chosen for detailed discussion are those which most simply
illustrate the method of treatment and which exhibit the various useful
properties that may be obtained with different connections of the audion.
It would be impossible to include in any paper of reasonable length a dis-
cussion of, or even a reference to, all the possible oscillating-current circuits
that may have practical application.

The behavior of certain circuits toward impressed oscillations (as from
an antenna) at various frequencies is considered. And it is found that the
audion under certain conditions tends to maintain such oscillations (re-
generative action), and under other conditions tends to absorb their energies.
It is also found that with certain arrangements the audion will have re-
generative action only over a very short range in frequency, absorbing energy
from oscillations at all other frequencies. This result affords a means of
reducing interference, especially from unsustained oscillations such as are
caused by strays.

The paper concludes with a brief record of oscillating audion circuits as
developed by various investigators, and their practical applications.

In two appendices the author discusses respectively: the family of charac-
teristics obtained for different plate voltages, and derives therefrom data on
oscillation characteristics; and the interchangeability of the grid and plate
circuits so far as oscillation production is concerned.

The following units belong to a consistent system based on
the milli-ampere, the volt, and the micro-second. They give
much more convenient numerical values in radio work than
the ordinary units based on the ampere, volt, and second; and
many of them are for this reason already in common use. Of
course, all equations not involving numerical coefficients apply
equally to this system or to the ordinary system.
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NOTATION

NAME

Capacity in branch (n)
Alternating voltage across branch

(n)
Grid voltage, alternating part

[Article 1]
Plate voltage, alternating part

[Article 1]
Mutual conductance of grid to-

ward plate [Article 1]
Self-conductance of plate [Ar-

ticle 1]
Conductance of a branch
Alternating-current in branch (n)
Plate current, alternating part

[Article 1]
Imaginary unit, /-i
(Coefficient of mutually induc-

tive coupling, \I Lnn

Coefficient of self-inductive or ca-
pacity coupling [Figures 5
and 6]

Self-inductance of branch (n)
Mutual inductance between

branches (m) and (n)
Angular frequency

Power
Power factor2l of branch (n),

rn G

Resistance of branch (n)
Equivalent "absorbing" resist-

ance of the audion referred to
branch (n) [Article 5]

UNIT

Milli-microfarad

Volt

Volt

Volt

Milli-mho

Milli-mho
Milli-mho
Milli-ampere

Milli-ampere
Numeric

Numeric

Nuimeric
Milli-henry

Milli-henry
Radian per micro-

second
Milli-watt

Numeric
Kil-ohm

Kil-ohm

21This is strictly the ratio of resistance to reactance at the natural fre-
quency, and not the ratio of resistance to impedance, which actually is the
power factor. The numerical difference in any radio circuit is insignificant;
and for the sake of vividness it is convenient to employ the common term
"power factor."
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APPENDIX I*

In Article 1 of the paper it was mentioned that the plate
potential affects the oscillation, and -a method of taking this into
account was mentioned-viz., by means of a constant gp express-
ing the quotient of a variation in the plate current by the cor-
responding variation in the plate potential. A more general
method of treating the effect of the plate potential is given below.

In Figure 7 the full lines constitute a family of characteristic
curves, such as that of Figure 1, each curve taken for a different
constant plate potential, as may readily be traced experimentally
by employing adjustable batteries in both grid and plate cir-

f/O

FIGURE 7

cuits. Now in any oscillating audion circuit let the ratio of the
alternating plate voltage Ep to the alternating grid voltage Eg
be Epn=

Eg
*,The subject matter of this appendix was presented orally at the reading

of the paper itself, September 5, 1917'.
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These voltages being ordinarily in phase, their instantaneous
values, and therefore the variations in plate and grid potentials,
have the same ratio n. Hence if we start with the plate and
grid potentials corresponding to the point Pi, for example, and
let the plate become more negative by such an amount zE, as
to correspond to the curve (2), then the grid will become more
positive by the amount,

hEg=P
n

which may be laid off along the axis as X1 X2 to locate the point P2.
Further points P3, and so on, may be similarly located on suc-
cessive curves, and these determine the dotted "derived char-
acteristic" representing conditions during an oscillation. It is
interesting to notice that the derived characteristics may exhibit
a maximum point even where the original characteristics do not.

The derived characteristic may be used (in the same way as
Figure 1) to give the value of the effective mutual conductance g
under working conditions, thus including completely in the equa-
tions of the paper the effect of variations in the plate potential.

Probably the most useful application of derived character-
istics is in determining the relation between the coil inductances,
or between the condenser capacities, in the plate and grid cir-
cuits that will result in the greatest power output from the
audion as an oscillating-current generator. Derived character-
istics are drawn for various assumed values of n (and, if desired,
for various value of grid battery voltage), and the output for
each is roughly estimated as one-eighth the product of the range
in plate current by the range in plate voltage.

APPENDIX 2

In the paper itself, it is stated that the grid and plate of an
audion may always be interchanged in their connection to an
oscillating-current circuit, and that the circuit equations will then
remain of exactly the same form. As the only proof given for
this statement was the symmetry of Eg and Ep in equation
(3), it is thought desirable to append the following complete
proof.

Resolving any oscillating-current network supplied by an
audion into the appropriate number of independent circuits and
equating to zero the sum of the voltages around each circuit, we
have equations of the usual form:
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I1Z11+I2Z2+.......... +InZln+IpZlp = °

IiZ21 +I2Z22+ ........ +In Z2n+IPZ2 p
=

and IiZi1+I2Z2+............... +InZnn+IpZnp=O
By the definition of the mutual conductance g, we have also

IP =Eg-IIZgI +I2Zg2+.......... +InZgn+IpZg p; (2)
or IlZgl+I2Zg2+. +InZgn+Ip Zgp-1) 0. (3)

In these equations, the general coefficient,

ZTS =Zsry (4)
represents the impedance in common between the circuits r
and s (conductive or mutually inductive); Zrr represents the
negative sum,

Zrr= ZlrZ2r. -Znr Zpr; (5)
the I's represent the independent circuit currents; and the suib-
scripts g and p refer to the grid and plate circuits respectively.

Eliminating the I's from the simultaneous equations (1) and
(3), there results an equation between their coefficients which is
most simply expressed by the determinant:

Z1l Z12.Zln Zip =0. (6)
Z21 Z22 .Z2n Z2p
*.-...................................
Zn1 Zn2. Z*Znn Znfp
Zg1 Zg-2

Interchanging the two subscripts of each Z, in accordance with
(4), and interchanging columns with rows, as is permissible in
a determinant, we obtain

Zll Z12 ........................ ZI n Z1i =0. (7)
Z21 Z22 . . . Z2n Z2g
.....................................

Znl Zn2 ..................Z..-7nn Zng

Zpl Zp2 . Zpn Zp g

This equation differs from (6) only in having the g and p sub-
scripts interchanged. Hence, in general, interchanging the con-
nections of the grid and the plate of the audion to the oscillating-
current circuit does not alter the circuit equations. It is understood,
of course, that in making this interchange, the apparatus, nat-

96



urally pertaining to the plate, as the plate battery, telephone
receivers, and so on, is transferred with the plate, and similarly
for the grid apparatus. Altho the general properties of an oscil-
lating-current circuit are not affected by interchanging the grid
and the plate, yet the strength of the oscillation may be affected;
for the effective value of g will in general be changed because of
the effect of the plate potential on the oscillation, as explained
in Appendix 1.

Equation (6), or (7), embodies the general solution of an
oscillating-current circuit supplied by the audion; and may be
directly employed instead of the step-by-step procedure given
in Article 4 of the paper. Take, for example, the circuit of
Figure 4b, and let the circuits be chosen as represented by the
dotted lines in Figure 8. Equation (6) for this case becomes.

-(rl+j(oL+. 1 i (O M1 j (O Mip =0. (8)

j (O M12 -(r2+j (oL2+ ) 0

.1(o Ci 9
Expanding,

(rl+j..Li+. i)(r2+jwL2+ ) (-h)

iOJW i(M2) =0O. '9).J- (OCi 3(+j(oL2+ 1C2+ 9
This immediately reduces to (48) of the paper.

FIGURE 8
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